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Abstract
In October, 1984, the Woods Hole Oceanographic Institution SOFAR float
group began a three and a half year field program to measure the velocity field of
the Mediterranean water in the eastern North Atlantic. The principal scientific
goal was to lear how the Mediterranean salt tongue is produced by the general
circulation and the eddy diffusion of the Canary Basin. Thirty-two floats were
launched at depths near 1100 m: 14 in a cluster centered on 32°N, 24°W, with
nearest neighbors at 20 km spacing, 10 at much wider spacing to explore regional
variations of first order flow statistics, and 8 in three different Meddies
(Mediterranean water eddies) in collaboration with investigators from Scripps
Institution of Oceanography and the University of Rhode Island.
The floats were launched in 1984 and 1985, and tracked with U.S. and French
ALSs (moored listening stations) rrom October 1984 to June 1988. This report
includes a summar of the whole three and a half year experiment, the fial year
and a half of data processed from the third ALS setting (October 1986-June
, 1988), and the first deep sea test of Bobber EB0l4 in the eastern subtropical
North Atlantic (May 1986-May 1988). Approximately 60 years of float
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The large-scale salinity distribution at thermocline depths in the North
Atlantic is dominated by a tongue of salty water projecting westward from
Gibraltar toward Bermuda (Wortlungton, 1976). The salinity anomaly originates
in the Mediterranean Sea from an excess of evaporation over precipitation and
flows out through the Strait of Gibraltar. The bulk of the salt tongue extends
westward across the Mid-Atlantic Ridge. However, some of it may be traced into
the Norwegian-Greenland Sea (Reid, 1979), where wintertime cooling and the
relatively high salinity produce a dense water mass which is a major component of
the North Atlantic Deep Water and can be traced into the South Atlantic, Pacific,
and Indian Oceans (Reid and Lynn, 1971). The Mediterranean outflow is thus a
prominent feature of the world ocean and paricularly of the North Atlantic.
In 1984 we began a field experiment to observe the long-term displacement of
Mediterranean water by tracking neutrally buoyant SOund Fixing And Ranging
(SOFAR) floats. The aim of tlus experiment was to measure the velocity field of
, the Mediterranean water in the eastern North Atlantic. The general goals were to
provide an improved description of the general circulation in the Atlantic eastern
basin and a case study of eddy diffusion in a weakly energetic region. A specific
goal was to learn how the Mediterranean salt tongue is produced by the general
circulation and eddy diffusion of the Canar Basin. Thirty-two floats were
launched at depths near near 1100 m (Figure 1, Table I)j 14 floats were in a cluster
with nearest neighbors at 20 km spacing, 10 floats were set at much wider spacing
to explore regional variations of fist order flow statistics, and 8 floats were
launched in three different Meddies in collaboration with T. Rossby and L. Armi.
In addition, current meters were moored for two years near the center of the float













































. 130,125,126 . .145
126
. 1984 Floats øf?
. 1985 Floats II
30W
LONGITUDE
Figure 1: Float launch positions.
2
. II
. en .. o: N 0) I U)..,.O)O)U)o:COO)('O) 0 i 0) 0) 10 o: co U) (' o: U)W W lU (' N N I .. 00)0)0 0)0) N 0).. 0) N 1000o:N I.. o: o: (' ..
~a:.c .. .. .. 1....00..00..0..0 N 10...... , 0 .. .. ..0
0( ii "0 .. .. .. I ~................,... .. I...... .. I.. .. .. .. ..
. III- en .. ,. 0) .. o:CONOIO..o:('ONo: I o: I co U) 10 o: I co N ,.. U) N
- W lU 0 (' 10 COIOOOO),.,.U)Oo:.. I (' I U)NNo: I U) co 0) ou)za:.c N N N N..........ONNN.. IN '..NNN I.. .. N NO
- ii "0 .. .. .. ..............,...,. .. I.. I...... .. I.. .. .. .. ..
. (.
. ii 10 N ,. co 10 o: ,. (' (' co U)O 0).. o: ('0('(' I ('('lOo:U)('COo: I .. N,. 10W :: 0) CONNo:N"' o: Oo:..NNCO('ON..o:U) I ('N,.COCOONU) I .. co 10 ..
~ W Q) I ,
0( I- "0 ,. co co ,. co ,. co co ,. ,. 0 co ,. co co ,. co ,. ,. I co co 0) co 0 0 co co i co co 0) co
.. .. ..
. (.
I- ii .. 0 10 N NO) N .. co o: N 0) 0) ,. 0) 10 N 0) 0 ""OU)O)o:N(' 0) U) 10 0)
- :: 0) lOo:('U)""(' N 10 o: N U) (' 0) 10 0) ,. U) 0) 0) N('O)O)U),.O (' 0) U) coZ W Q)
- I- "0 ,.CO,.,.,.CO co co,.,...co,.,.,.U)co,.,. co co 0) ,. 0) .. co ,. .. N co
.. .. .. ..
en
c. 0






.. o Z 0)
- 0 Q)






































U) .. N (' 10 10 (' 10 10 o: ,. .. ,. N N NO) o: ,. .. U) 0) N U) 0) N ,. N .. .. 0 0) 0) .. 0 (' (' I U)~.
.. co N N 10 10 (' 0 (' .. N .. (' 0 NO).. (' (' 10 .. o: (' (' co o: .. .. ,. 0 .. o: (' 10 (' (' 0('('('..o:lO N('U) ..(',.o:O)('('....IOIO('NIOU)..o:..o:..1O ..O)o)N.. ...............
..
0(0) o: o: U) o: o: 10 (' 0) o: (' 10 .. U) (' 10 0 ,. N ,. co .. o: N 0 U) o: U) co o: 10 U) U) 0) 10 o:.. I-~
0) U) 0) (' 10 0 o: U) .. o: N ,. 0) ,. o: o: 0 ,. 0 0 0) 10 co 0) o: .. (' 0 U) co o: co 10 0 o: o: co
o 0 10 co (' 10 NO)lO U) (' 0 .. N 0) (' co 0 0 10 0 o: o: ,. N co .. 0 (' 0 ,. (' 10 0 o: 10 o:
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
co 0) .. U) 0 U) 0 U) (' co co .. 000) o: co 0) U) 0 U) ,. (' co ,. 0 N o: U) (' ,. 10 co N co 0 o:N N N N (' N (' N N N N (' N (' N N N .. (' N N N N (' .. N N N N N .. N .. N.. (' N
.. ,. 0 10 N ,. co o: (' (' ,. .. 0) 0 U) 0) U) U) co 0 0 N co U) ,. N 10 co .. U) .. 0 (' U) N ,. coNO) (' (' 0 ,. 0,. N N 0 0) 10 U) (' ,. 10 0 0 10 ,. U) o: .. co N 0) 0 0) co .. (' N ,. N N ('
o 0) U) .. co co .. (' (' co .. co o: .. (' co 0) co o: ,. (' N ,. .. 0) co 0 0) 10 U) (' .. 0 10 N (' ('
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
.. .. (' N 10 .. .. .. o: (' o: o: N 0) 0) .. .. co N 10 0 0 N 0 co (' 0 co .. U) 0) 0 0 .. N (' 10(' ('(' (' (' (' (' (' N (' (' (' N N N ('('N (' (' ('('(' (' (' (' (' N (' N.. N N N ('(' N
N 0) N .. 0) co .. (' (' co ,. .. (' (' .. 0) .. (' N (' 0 ,. (' 0 o: U) .. (' 0 N co .. 0) co (' o: NOOON.. N N.... NON ..NOOO..ON N.... ..ON ..O..NONN ..OON
0) .. U) N .. o: co 10 U) U) 0) co U) 0) N ,. U) U) N (' (' N U) (' U) ,. N N o: .. .. (' 0 N 10 U) 100..000000000000.. 000.. 00.. 00 0 00.. 0.. 00.. 0000
10 10 co 10 U) U) U) 10 co U) U) ,. co U) ,. ,. co co ,. 10 U) U) co co U) U) 10 10 10 10 U) ,. 10 U) co co U)
co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co
.. co co .. (' U) 0 ,. 0) U) o: ,. 0 0 U) U) ,. 10 ,. co co (' 0 o: U) .. 10 N N ,. 0) .. co N o: N ('
co o: ,. 0 co (' o: 10 N 0 (' 10 (' U) N N U) o: co 0) .. ,. ,. 0 0 .. o: 10 00) 0 0) (' o: 10 ,. NN .. 0) (' 10 10 N N co 0 (' co .. 10 0 10 N 0 U) .. ,. 0) 0) 0 (' 0) 0) .. 0 .. 10 (' co 0) N .. 10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
o: (' o: o: o: o: 0) o: U) o: co .. N o: 0 o: o: U) (' N (' o: (' o: .. N .. N o: N co (' co 0 o: o: ('N NNN N NN N N N N('N N('N NNN N NNN NNNN N N N..N.. NNNN
.. (' ,. N co .. .. co (' N 10 0 0) .. 10 .. ,. 0) 0) .. (' 0 ,. 0) 0) ,. o: o: 10 o: ,. 0 .. 0) .. 10 N
co ,. .. 0) 0 ,. .. (' .. N .. .. N (' (' U) .. co co co ,. 0 NO).. o: .. (' 0 0 o: co co o: 0) .. co
0) 0 10 .. N 0) U) ,. 0) 0) 0 ,. 0 o: 0) ,. o: U) co N .. .. ,. .. co co 0 0) o: 0) U) N U) N 0) 0) 0)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
.. (' 0) N N .. 0.. ('.. o: 10 N N co.. N U).. 10 NO.. N U) (' N .. N .. 0 o: 0 N (' (' U)(' (' N (' (' (' (' (' N (' (' (' (' (' N (' (' N (' (' ('(' (' ('(' ('(' (' (' ('N N N N ('(' N
N 10 0 N N .. 0 .. co (' N (' U) N U) .. NO).. o: .. ,. .. N o: (' co co N co .. 0) .. .. o: o: ..NNN N N N NN.. N..O.. NONN.. N NN.. N NN N.... N.. N ..NN ....0000000,. 0 0 0 co 10 0 0 0 0 0 0 0 0 0 U) 0 00 0 0 0 0 0 0) 0) 0) 0)......
......,. ....0.... ..00.... ..........,...0............ ....0000......
o: o: o: o: o: o: U) o: o: o: U) ,. o: o: U) o: o: o: o: o: o: U) o: o: o: o: o: o: o: o: 10 10 10 10 10 10 10
co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co co
0(0) 0(00(. 0(0) 0(00
0) 0 .. N (' o: o: 10 U) ,. ,. ,. co 0) 0) 0 .. N (' o: 10 10 U) ,. CX 0) 0 .. N (' o: 10 U) ,. co 0) 0
.. N N N N N N N N N N N N N N (' (' (' (' (' (' (' (' (' (' (' o: o: o: o: o: o: o: o: o: o: 10
,.....,.................................,...........,...............,... ,.
3
and tracked with U.S. and French moored listeiung stations (ALSs) from October
1984 to June 1988 (Figure 2, Table II).
2 Data Processing and Float Tracking:
1986-1988
In June 1988, we retrieved the fial ALS setting of our eastern North Atlantic
experiment containing data from October 1986 to June 1988. The ALS cassette
tapes containing times of arivals and telemetry for each float were processed at
the Woods Hole Oceanograpmc Institution in three phases. The first phase
converted the raw data into a time series of possible times of arriva and
amplitudes of their correlations for each ten minute interval that the ALSs were in
the water. The second phase, float tracking, had three steps: (1) identification
and extraction of the float signals for each ALS; (2) tracking the floats and
estimating the SOFAR float clock drift; and (3) creation of a FLOATER (McKee,
, 1986) file for each float containing unsmoothed positions and telemetry
(temperature and pressure). A constant sound speed of 1.506 kmjs was used to
track the SOFAR floats. The third phase consisted of editing, interpolating,
filtering, and smoothing the data to produce final float trajectories and velocity,
temperature and pressure time series.
Trajectory and time series plots were inspected for outliers, and the
preliminary FLOATER format fies were edited where necessary to eliminate
obviously bad positions, temperature, and pressure vaues. Listings of direction
and speed derived from consecutive positions were used to detect unusually high
speeds indicative of erroneous positions. First differences between consecutive
temperatures and pressures were calcwated and inspected for unrealistic values.
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Figure 2: Location of autonomous listening station (ALS) moorings, current
meter moorings, and bathymetry in the experimental area.
5
TABLE II
ALS MOR I NGS
LAUNCH RECOVERY ALS
ALS ALS DATE DATE LAT I TUDE LONG I TUDE DEPTH
SITE # yyrd Y yrd deg N deg W (m)
1984 - 1985
A 140A 841021 850913 34 . 490 22.642 1800
B 137A 841 0 13 850920 29 . 000 18. 787 1200
C 138A 841 0 14 850917 24.038 23.406 1000
D 139A 84101 7 850915 28 . 434 27.889 1400
F 1 F11A 840615 850811 25.020 38 . 825 1500
F2 F07A 840617 850809 29 . 660 31 . 149 1500
F3 F10A 840612 850815 34 . 390 31 . 839 1500
1985 - 1986
A 141A 850913 861005 34 . 545 22.601 1800
B 144A 850920 861015 29.013 18 . 738 1200
C 143A 850917 861010 24. 107 23 . 345 1000
D 142A 850915 861008 28.515 27 . 868 1400
F1 F06A 850811 861001 25 . 018 38. 808 1500
F2 F09A 850809 861003 29 . 663 31 .147 1500
F3 F18A 850815 861004 34.370 31 . 832 1500
1986 - 1988
A 150A 861003 880617 34.472 22.675 1800
B 153A 861015 ** 29 . 130 18.757 1200
C 152A 861 0 1 0 880614 24.157 23.322 1000
D 151A 861008 880615 28.503 27 . 843 1400
F1 T11A 861001 880307 25 . 068 38 . 805 1500
F5 T10A 860928 880307 33 . 042 34 . 940 1500
Note:
A-D were ~I moor i ngs and F1-F5 ~re moor i ngs ma i nta i ned
by Centre Oceanologique de Bretagne, France.
* * ALS 153A disappeared for unknow reasons.
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pressure (or vice versa) were presumed to indicate an erroneous vaue.
Temperature and pressure that drifted outside the range of the sensors were listed
as being off scale.
Trajectories having gaps greater than ten days were broken into subfies and
labeled A, B, C, etc. Gaps.of less than ten days duration in position, temperature,
and pressure were linearly interpolated, producing daily values of temperature and
pressure from the bi-daily values recorded.
These interpolated series were then filtered using a nine point two-day
half-width Gaussian filter. Finally, a cubic spline was fitted to the smoothed
positions and east and north components of velocity were calculated to coincide
with the positions at 24-hour intervas. Float data from 1984-1986 were merged
with those from 1986-1988.
A float file name is up to six characters long and is made up of three parts:
1. A two letter code to indicate the experiment, in this case, EB (for "Eastern
Basin" ).
2. A one to three digit identifier assigned to the float before its launch.
3. A single letter sufx (A, B, C, ... Z) that was added to the fie name if the
float record was broken into sections due to gaps in the data. An example is
float name EB135B - Experiment Code EB, Float 135, Section B.
Float tracking was more diffcult and time consuming for this third ALS
setting because: (1) only three of the four U.S. ALSs from the third setting were
recovered (the fourth ALS disappeared for unknown reasns), (2) the floats had
dispersed over a wider area (six floats went west of our array into the region of
French ALSs, see Figure 3), and (3) we encountered some problems in using the






















Figure 3: A composite of six float trajectories that drifted west of the U.S. array
of moored listening stations. Listening stations deployed by the float group
at Centre Oceanologique de Bretagne were used to track the floats that
drifted west of about 29°W. Arrowheads are located at 3D-day intervals
along the trajectories.
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The accuracy of the tracking may be judged by comparing the known launch
position with the first position calculated by tracking. The differences between
these two positions as well as the time difference between launch and the fist
position have been given by Price et al. (1986). The position difference is 5.6 km
with an average time delay of nine hours, which is more than adequate accuracy
for most purposes. A measure of the precision of the tracks can be obtained from
(a) the variability in the ranges between a float and the ALSs for each position
and (b) the point-to-point vaiations in the estimates of the float clock drift. Both
of these suggest that the precision of the float positions is approximately 2 km.
The floats used in this experiment were very similar in design to the floats
deployed in the Gulf Stream Recirculation Experiment (GUSREX) where they
functioned fairly reliably. However, a defective component in the telemetry circuit
discovered after launch caused some failures in temperature and pressure
measurements and a shorter than average life of some floats. At the end of the
experiment 11 of the 32 floats launched were stil working (Figure 4). Figure 5
shows a fairly high failure rate during the first year and a half, after which the
failure rate improved.
Data from the first two years has been processed and described in Armi et al.,
1988; Armi et al., 1989; Käse et al., 1986; Price et al., 1986; Richardson et al.,
1989; Schmitz et al., 1988; Tarbell et al., 1987; and Zemanovic et al., 1988.
3 Summary Plots
The major part of this report consists of: (1) figures smnmarizing results
from the whole experiment including a complete set of individual trajectories of
each float (Figures 6 to 10d), (2) figures summarizing the last year and a half of
the experiment (Figures 11 to 13, Table III), (3) a description of Bobber float
EB014 (Figures 14 and 15, Table IV) and (4) an Appendix, individual trajectories
9
and velocity, temperature and pressure time series plots from the last year and a
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Figure 5: Bar graph showing lifetimes of floats that failed. Eleven floats were








MEDITERRANEAN OUTFLOW 1984 - 1988






















Figure 6: Displacement vectors from the first to last position of each float



















Figure 7: A composite of 32 float trajectories between 1984-1988. Arrowheads


























Figure 8a: A composite of 14 floats that were launched in a cluster centered on
32°N, 24°W, with nearest neighbors at 20 km spacing (1984-1988).

























Figure 8b: A composite of 10 floats that were launched with wide spacing to
explore regional variations of first-order flow statistics (1984-1988).





























Figure 8c: A composite of eight floats that were launched in three different
Meddies (Mediterranean water eddies) 1984-1988. Arrowheads are located
at 3D-day intervals along the trajectories.
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Figure 9a: A composite of 10 float trajectories with tracked lifetimes of less than


















Figure 9b: A composite of eight float trajectories with tracked lifetimes of one to





























Figure 9c: A composite of 14 float trajectories with tracked lifetimes of greater
than two years. Arrowheads are located at 30-day intervals along the
trajectories.
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Figure lOa: A composite of float trajectories between October 1984-September
1985. Arrowheads are located at 3D-day intervals along the trajectories.
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Figure lOb: A composite of float trajectories between September 1985-0ctober
1986. Arrowheads are located at 30-day intervals along the trajectories.
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Figure lOc: A composite of float trajectories between October 1986-September
1987. Arrowheads are located at 3D-day intervals along the trajectories.
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Figure iad: A composite of float trajectories between September 1987-July
































Figure 11: Bar graph showing the time that each float was tracked from the final
ALS setting (1986-1988).
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Figure 12: Displacement vectors from the first to last position of each float
(1986-1988). Arrowheads mark fial locations.
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Figure 13: A composite of 15 float trajectories between 1986-1988. Arrowheads
are located at 30-day intervals along the trajectories.
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4 Summary Trajectories of Individual Floats:
1984-1988
Thirty-two individual summary trajectories are presented for our three and a
half year eastern North Atlantic SaFAR float experiment (October 1984-June
1988). Each float trajectory is plotted on a mercator projection, and negative
numbers indicate longitudes west of the Greenwich Meridian. Along the
trajectories, open circles denote the first float position, small dots mark the daily
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5 Two-Month Composites of Trajectories:
1986-1988
Ten plots are presented showing a summar of all float trajectories for each
two-month period from October 1986 to June 1988.
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6 Bobber Float EB014
Bobbers are SOund Fixing And Raging (SOFAR) floats equipped with a
new Controllable Buoyancy System (CBS). The CBS can cause the float to rise or
sink by pumping oil in or out of an external bladder, thereby vaying the float's
displacement and buoyancy. The Bobber senses the ambient temperature and
pressure and uses this data to regulate its motion according to a prescribed
control algorithm.
The CBS mechanism was given its first deep sea test during a cruise to the
eastern subtropical North Atlantic in May 1986, but the test gave mixed results.
Although the Bobber did cycle vertically, it cycled sluggishly and overshot its
prescribed turning points by as much as 50 db. However, Bobber EB014 was left
in the water and continued to cycle until June 1988 when the eastern North
Atlantic tracking network of Autonomous Listening Stations (ALSs) was recovered
for the final time (see Table IV). This test demonstrated the long life time of the
CBS, and also demonstrated that shallow floats could be heard at long ranges
(1500 km).
The trajectory and telemetry for Bobber EB014 are shown in Figures 14 and
15. The column thickness for EB014 was roughly 250 db because the turning
points were roughly 100 db and 350 db. This very large column truckness was
partly due to the desire to see large excursions on this first test, and partly to lag
in the platinum resistance thermometer of EB0l4.
TABLE IV
BOBBER FILE STATISTICS FOR 1986 - 1988 TRACK I NG
START START POS I T ION STOP STOP POSITION NO.
BOBBER DATE LAT. LONG. DATE LAT. LONG. DAYSyynd deg N deg W y'ýd deg N deg W TRACKED
014A 860514 31 .078 29 . 935 871129 33.571 37 . 171 565


























Figure 14: The first long term Bobber trajectory from the spring 1986 tests in
the eastern subtropical North Atlantic (trajectory begins May 12, 1986 and
ends May 2,1988). The mean depth of the Bobber was 200 db. Arrowheads
are shown at 3D-day intervals along the track. The gap in winter 1987 was
due to shadowing of the tracking stations (ALSs) by a shallow seamount.
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Figure 15: Pressure telemetry from EB014. The upper set of points are the upper
turning level, and the lower set are the lower turning leveL. This Bobber was
given a minimum pressure not to ascend above, 80 db, wmch it appears to
have reached in spring 1986 and again in winter 1987. The upper turning
level was thus almost surely affected by vertical mixing during at least these
periods. The gap in winter 1987 is the same gap that occurs in Figure 14.
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9 Appendix - Plots of Individual Floats:
1986-1988
A trajectory plot and time series plots are presented for each float and
Bobber EB014. The order of the time series plots is velocity stick diagram, u and
v velocity component overplot, and temperature and pressure overplot, when
available. A common scale is used for the time axis but the y axis vares for each
float according to the minima and maxima of the varables plotted. Two hundred
days of data are plotted on each page and data points are marked daily. Float fies
of lengths greater than 200 days are continued on subsequent pages. The time axis
is annotated with the calendar months.
A trajectory for each float is plotted on a mercator projection. For the
longitude axis, negative numbers indicate longitudes west of the Greenwich
Meridian. Along the trajectories, open circles denote the fist float position, small
dots mark the daily positions, large dots the tenth day, and every twentieth day is
annotated with the date:
Stick plots show velocity every day. The stick length indicates the speed in
em/see, and the angle the stick makes with the horizontal axis represents the
direction. North is toward the top of the page. The east and north components of
of velocity can be seen separately in overplots plotted to the same scale as the
stick plots.
Temperature and pressure are overplotted, temperature on a centigrade scale
marked on the left y axis, pressure in decibars marked on the right y axis with
deeper values at the bottom of the scale. Temperature and pressure that drifted
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1984 to June 1988. This report includes a summar of the whole thee and a half year experient, the final yea and a half of data
processed from the third ALS settig (October 1986-June 1988), and the first deep sea test of Bobber EB014 in the eastern subtropi-
cal Nort Atlantic (My 1986-May 1988). Approximately 60 years of float trjectories were produced durng the thee and a half
yeas of the experiment.
17. Document Analysis a. Descriptors
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